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Abstract This work reports the investigation of plasmonic
effects in tin disulfide (SnS2) nanostructured films obtained
by the close-spaced vacuum sublimation method (CSS).
Structural properties and phase composition of SnS2 films
were studied with the help of field emission scanning electron
microscopy (FE-SEM), atomic force microscopy (AFM), X-
ray diffraction (XRD) and Raman spectroscopy. Surface mor-
phology and optical polarization properties of SnS2 films de-
posited at different substrate temperature were investigated by
modulation-polarization spectroscopy (MPS). Surface plas-
mon resonances (SPR) with localized and polariton types
were observed by measuring of angular and spectral charac-
teristics of polarization difference. Radiative and non-
radiative modes of surface plasmons have been analyzed at
different light incident angles. The influence of surface mor-
phology on resonant parameters of different types of SPR was
studied. Correlation between the experimental results and the-
oretical calculations was established. The refractive and ab-
sorption indexes were found for the SnS2 films at different
substrate temperature.
Keywords Tin disulfide . Nanostructured films . Surface
plasmon resonance .Modulation-polarization spectroscopy
Introduction
Tin disulfide thin film is of a great interest as a promising
material for applications in optoelectronics. In particular, due
to high mobility of free carriers [1], n-type of conductivity and
band gap of 2.2 eV [2] this compound could be considered as
an alternative to conventional CdS solar cells windowmaterial
[3]. Also, the SnS2 is a layered 2-D semiconductor, which
makes it possible to use it in a high-speed photo-detectors
and as a catalyst in Li-ion batteries [4–6].
However, it is known that SnS2 films have strong anisot-
ropy of optical properties, which complicates its application
in electronics devices [6]. One of the possibilities to improve
the efficiency of solar cells is an enhancement of light absorp-
tion due to surface plasmon resonance (SPR) [7]. For exam-
ple, as was shown in [8], the deposition of plasmonic metal
nanoparticles (grains, clusters) on a base layer leads to in-
creasing of absorption range of solar radiation. The essence
of SPR phenomenon is based on plasmon absorption in the
visible, near UV and IR wavelength range. Experimental de-
tection of SPR is related to measuring of optical transmission
and extinction. In this case the resonant excitations of surface
plasmon-polariton (SPP) (on an infinite flat metal-dielectric
surface) or localized surface plasmon (LSP) (on separated
non-interacting grains and between metal grains due to
electrodynamic/dipole-dipole interactions) takes place. For
nanostructured materials, the SPR appears due to their optical
conductivity or due to the presence of metal nanoparticles
like gold nanoparticles embedded in a dielectric/
semiconducting medium like tin dioxide (SnO2) and tin di-
sulfide (SnS2) [7, 8]. In our work [9], the SPR was detected
for nanostructured SnO2 films without containing metal
nanoparticles.
Plasmonic semiconductors are modern perspective
nanomaterials that scientists intensively study nowadays
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[10–12]. Doped semiconductors Si, SeGe, GaAs, GaN, ZnO
and indium tin oxide (ITO) can be alternative plasmonic ma-
terials [10]. Size-dimension reduction of plasmonic semicon-
ductors to nanocrystals (NCs) leads to the tunable optical
response from visible to infrared range, because their free
carrier density can be tuned over several orders of magnitude.
For copper chalcogenide NCs, also called the Bself-doped
semiconductors^, the oxidation tuning of the near-infrared
(NIR) plasmonic absorption can be achieved by the ambient
oxygen under different temperatures or metal salt solutions
[11, 13].
Manifestation of the plasmon resonances in two-
dimensional (2D) semiconductor compounds (2D metal ox-
ides and dichalcogenides) is desirable for many applications.
Reduction of the material thickness in 2D materials can
however lead to alterations in their plasmon dispersion rela-
tion [14, 15]. Plasmon dispersion is highly dependent on the
geometrical configuration of the nanostructures [16, 17].
The existence of one large depolarization factor in the thick-
ness axis of 2D materials can be used to tune the plasmon
resonance response into the near UV, visible and near-
infrared (NIR) regions for structures lithium into 2D molyb-
denum disulfide (MoS2) nanoflakes demonstrated in [14,
18]. In the experimental work [19] two plasmon resonance
peaks associated with the thickness and the lateral dimen-
sion axes were observed in the exfoliating 2D molybdenum
oxide (MoO3). [19]. Plasmonic positions of these peaks
could be tuned by the choice of the solvent. Hybrid nano-
structures of metal/two-dimensional nanomaterials reviewed
in detail in [20].
That is why one can expect similar plasmonic effects in
nanostructured SnS2 films. The knowledge about optical
properties for SnS2 films of nanosized thickness is limited.
The UV-Vis-NIR transmission and reflectance spectra of the
ultrathin SnSx films on quartz substrates with thickness less
than 100 nm were investigated in works [21, 22].
The aim of this work is to study the plasmonic effects in
the nanostructured SnS2 thin films deposited by CSS meth-
od utilizing the modulation-polarization spectroscopy (MPS)
technique. This optical technique is effective for diagnostics
and characterization of the SPR features in nanosized films
of noble metals and metal-dielectric nanocomposites [9,
23–26]. The dependence of plasmonic effects on surface
morphology and structural features is studied by measuring
of parameter of the polarization difference ρ(θ, λ, d), where
θ, λ, d – the incident angle of light, wavelength and sample
thickness, respectively. The modification of surface mor-
phology of SnS2 films was achieved by varying the sub-
strate temperature. For investigation of the structural and
optical properties we used a combination of different ana-
lytical techniques such as: field emission scanning electron
microscopy (FE-SEM), X-ray analysis, Raman spectroscopy
and MPS.
Experimental Details
Samples Preparation
The SnS2 films were obtained by the CSSmethod in a vacuum
chamber analogously to our previous work [27]. The detailed
description of the method for thin films growth is given in
[28]. The stoichiometric SnS2 powder was used for evapora-
tion. The thin films were deposited on ultrasonically cleaned
glass substrate. The evaporator temperature was constant at
Te = 675
○С, while substrate temperature Ts was varied from
175 to 275 ○С. The deposition time was 4 min.
Surface Morphology and Structural Studies
Surface morphology of the films was investigated using an
FEI Nova NanoSEM 650 Schottky field emission scanning
electron microscope (FE-SEM). The chemical composition
analysis of the SnS2 samples was carried out by Apollo X-
energy dispersive spectroscope (EDS) using standardless en-
ergy techniques. The parameters of EDS experiment were as
follows: an accelerating voltage of 15 kV, a detector resolution
of 125.4 eV, a working distance of 7 mm, and a spot size of
5.5. The concentrations of elements were determined by aver-
aging of results for at least 10 measurements from different
points on the surface.
In order to study thickness of the SnS2 films the NT-MDT
atomic force microscope (AFM) in a semi-contact mode was
used.
The study of the structural properties and phase composi-
tion of the films was carried out with the help of a DRON-4-07
diffractometer. CuKα radiation and Bragg-Brentano configu-
ration were used. The range of the 2θ angle was varied from
10o to 80o. Identification of the crystal phases was performed
with the Crystallography Open Database (COD).
Raman spectra were measured by using Renishaw’s InVia
90 V727 Raman spectrometer at room temperature. An Ar ion
laser with a wavelength of 514 nm was used as the excitation
source. The diameter of the laser spot was 0.7 μm, the power
density of the laser beam was 6.78 W/cm2, and the accumu-
lation time was 80 s.
Optical Polarization Studies
The measurements of angular and spectral characteristics of
polarization difference ρ (θ, λ) in Kretschmann geometry were
performed by the modulation-polarization spectroscopy tech-
nique. The detailed description of the experimental setup is
presented in [23]. The MPS technique is based on the modu-
lation of polarization of electromagnetic radiation when the
parallel (р) and perpendicular (s) polarizations relative to the
incident plane are alternately transformed at a constant inten-
sity, frequency, phase, and wave vector. A diffraction
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monochromator MDR-4 served as a source of spectral radia-
tion in the wavelength range (λ) from 0.4 to 1 μm. A
photoelastic polarization modulator (PEPM) acted as a dy-
namic phase plate. Alternating phase incursion was caused
by compression/expansion of the quartz plate. A quarter-
wave mode was selected by a proper supplying voltage. As
a result, linear polarization was transformed into alternating
right-to-left circular polarization. A stationary quarter-wave
phase plate (PP) was placed after the PEPM. By rotating PP
around the optical axis, a position of PP was selected at which
polarization azimuths of radiation after PP alternated between
s- and p-polarization. The output radiation was directed at a
photodetector PD (silicon photodiode). Reflected light in our
case from the system of quartz half-cylinder–SnS2 film–air
was a measure of the difference of orthogonally polarized
intensities, which was transformed by PD into alternating sig-
nal. This signal was registered by a selective amplifier
equipped with a phase-lock detector (lock-in-voltmeter) tuned
to the modulation frequency of f = 60 kHz. The variable
component value is a magnitude of the difference of internal
reflection coefficients of s- and p-polarizations ρ = (Rs
2-
Rp
2)sin(ωt). The resulting value is the polarization difference
ρ(λ,θ) = Rs
2–Rp
2. According to the conventional terminology
in polarimetry, the parameter ρ is aQ-component of the Stokes
vector.
Results and Discussion
Morphology and Structural Studies
Figure 1 shows FE-SEM images of SnS2 films obtained at
different substrate temperatures Ts. It was found that thin films
deposited at 175○С contain irregular grains with the average
size of 100 nm. With increasing of substrate temperature up to
250 °C the platelet grains of size about 150 nm are formed on
the surface of the thin film. The distribution density of such
grains considerably increases with further increasing of sub-
strate temperature to 275 °C. Thus, it was established that
crystallinity of the films increases with increasing of substrate
temperature. The chemical composition of thin films was
found to be δ = 0.56, where δ is the ratio of Sn to S
concentration. This corresponds to the Sn-rich SnS2 since
the stoichiometric composition of SnS2 was reported to be
δ = 0.49 [29].
The thickness of the samples measured with the help of
AFM was found to be 50 nm.
The XRD patterns of the thin films are presented in Fig. 2.
As could be seen, the XRD patterns show only one peak at
about 14.8 2θ degrees. This peak corresponds to the (001)
plane of hexagonal 2H-SnS2 polytype [COD 96–900-0614].
The full width at half maximum (FHWM) of this peak for the
sample obtained at 275 °C are decreased and relative intensity
was significantly higher than for other samples.
In additional, the results of coherent scattering domain
(CSD) size by using the Scherrer equation were obtained. It
has been observed that the largest CSD size of 16 nm has film
obtained at 275 °C. The samples deposited at lower substrate
temperatures of 175 and 250 °C have slightly less value of 15
and 11 nm, respectively. In comparison with our previous
work [27] for 1 μm thickness SnS2 films the results of CSD
for the directions perpendicular to the (001) crystallographic
plane in some cases values were almost two times higher. This
could be associated with the presence of different types of
extended defects (subgrains, dislocation and stacking faults)
in the crystal structure and phase features of the films.
Obtained results indicates improved crystal quality of the
sample deposited at 275 °C. It should be noted that this finding
is consistent with the results obtained by FE-SEM method.
The Raman spectroscopy is a one of the most effective
method for the phase analysis of tin chalcogenides [30, 31].
This method usually used along with XRD and allows reliable
identification of secondary phases and polytypes [32, 33]. In a
case of single crystals the frequencies of the SnS2, Sn2S3 and
SnS- related Raman modes are well defined [30, 34–36].
However, Raman analysis of polycrystalline thin films could
Fig. 1 FE-SEM images of SnS2 films surface with different substrate
temperatures Ts: a 275
○С , b 250○С and c 175○С
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be more complicated with broadening and shift of the Raman
peaks due to grain boundaries, extended defects and stresses
[37, 38]. The Raman spectra of the thin films are presented on
Fig. 3. The dominant peak at 314.6 corresponds to the A1g
mode of 2H-SnS2 [36]. For the samples obtained at a substrate
temperature of 175 and 275 °C the low-intensity modes at
225, 183, and 93 cm−1 as well as mode at 154 cm−1 which
could be assigned to A1g and B2g symmetry of the SnS phase,
respectively, was observed [30]. Also, the weak mode at
234 cm−1 corresponds to the A1g symmetry of the Sn2S3 phase
[34]. As could be seen from Fig. 3b, the relative intensity of
SnS and Sn2S3-related modes on the Raman spectrum of the
sample obtained at 250 °C is increased. In particular, the in-
tensive modes of the A1g symmetry at 93 and 183 cm
−1, as
well as mode, which could be assigned with the B2g symmetry
of SnS phase or A1g symmetry of Sn2S3 phase, were detected.
Additionally, the SnS-related weak peak of B2g symmetry at
290 cm−1 was detected [30]. This indicates the highest amount
of the SnS and Sn2S3 secondary phases in a sample obtained at
250 °C among all samples. Additionally, it could be associated
with phase transition from SnS2 to Sn2S3 and SnS phase due
to evaporation of sulfur.
Optical Polarization Studies
For SnS2 films at Ts = 175 °С Fig. 4 shows the spectral char-
acteristics of polarization difference ρ(λ) in a different range
of incident angles θ relative to the critical angle of the total
internal reflection, i.e. θcr = 43.6°. In Fig. 4a the bands of ρ(λ)
have a broad complex contour. For each curve of ρ(λ) two
extrema are observed, which are blue-shifted relative to each
other with increasing angle θ. Its origin is determined by sur-
face plasmon’s excitations. The SPR occurs, when the phase
synchronism condition is satisfied and both frequency (ω) and
wave vector (k) of light excitation match those of the surface
plasmon’s frequency and wave vector. An opposite sign of
amplitude of ρ(λ) at phase-locked detection is caused by dif-
ferent type of SPR as a result of different interaction of s- and
p-polarized light with conduction electrons of the films. In
particular, the extremum at negative value of ρ(λ) in a short-
wavelength range around λLSP ~ 500 nm indicates to the res-
onant excitations of localized surface plasmons (LSP) on
grains or surface inhomogeneity due to resonant interactions
simultaneously for s- and p-polarized radiation. On the other
hand, positive extremum of ρ(λ) in a long-wavelength range
around λSPP ~ 625 nm indicates to the surface plasmon-
polaritons (SPP) excitations on film/air interface (interface
between film and air), or between adjacent grains, due to pre-
dominance of resonant interactions for p-polarized radiation
[24]. Similar effects of plasmon’s resonances have been ob-
served in a work [39] for semiconductor nanostructures. Note,
that in the range of θ > θcr the surface plasmon’s excitations
have a non-radiative mode. In contrast to the previous case, in
Fig. 4b the spectral characteristics of ρ(λ) in the range of
θ < θcr have extrema, which correspond to LSP excitations
of radiative modes in SnS2 films. With increasing of incident
angle θ the extremum of ρ(λ) also has a lightly blue-shift of its
wavelength position from 570 to 530 nm. These features of
Fig. 3 Raman spectra of SnS2 films with different substrate temperature
Ts = 275, 250, 175
○С. (Lines are guides for the eyes)
Fig. 2 XRD structural analysis for SnS2 films with different substrate
temperature Ts = 275 , 250 , 175
○С (Lines are guides for the eyes)
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characteristics of polarization difference ρ(λ) are associated
with inhomogeneous structure for the SnS2 films at
Ts = 175
○С.
In order to clarify the positions of above mentioned extre-
ma, all spectra of ρ(λ) were converted to appropriate frequen-
cy dependencies ρ(ω) and then decomposed to the elementary
Gaussian components. As a result, in Fig. 4c the dispersion
characteristics ω(k) of surface plasmons for SnS2 films at
Ts = 175 °С are obtained. The dispersion branch of radiative
modes (to the left of the light straight line) is explained by
surface plasmon’s excitations on single grains of the films.
Moreover, these LSP excitations depend on the incident
angles and can be caused by the influence of adjacent grains.
Hence, these interactions also can lead to propagating surface
plasmon’s excitations. Two dispersion branches (to the right
of the light straight line) are shown for non-radiative modes.
The low-frequency branch corresponds to the SPP excitations
on interface film/air or continuous background layer of the
films. The high-frequency branch corresponds to the LSP ex-
citations on grains and surface inhomogeneity due to electro-
dynamic interactions between adjacent grains. The splitting of
the dispersion characteristics ω(k) into two branches is asso-
ciated with the small thickness of film of d = 50 nm at a bigger
grain size of 100 nm as established by AFM and FE-SEM
studies for the SnS2 films.
To investigate the dependency of surface morphology and
structural features on SPR characteristics, the angular charac-
teristics of polarization difference ρ(θ) at λ = 600 nm for SnS2
films obtained at different substrate temperature Ts are shown
in Fig. 5. The increasing of Ts leads to non-monotonic chang-
ing of curve’s character of ρ(θ) and the angle of SPP reso-
nance. In particular, θSPP = 56.2, 47.4, and 70° correspond
to substrate temperature of 175, 250 and 275 °С, respectively.
Moreover, next to θcr ~ 43°, amplitude with negative values of
ρ(θ) is increased from Ts = 175 to 275°С, which is typical for
enchancement of LSP resonance and corresponds to increase
of crystallinity structure. But for Ts = 250 °С this is not agree,
because of such curve behavior of ρ(θ) associated with homo-
geneity and continuous film structure. The curve’s character of
ρ(θ) indicate that the films have an optical absorption proper-
ties that will discuss later in a present work.
In order to obtain more precise information about depen-
dencies of the SPR features on morphology surface for SnS2
films at different substrate temperature Ts, the spectra of po-
larization difference ρ(λ) at an incident angle of θ = 47° were
studied in Fig. 6a. The SPR features were observed for all
samples. A detailed analysis of spectral characteristics of
ρ(λ) at Ts = 175
○С for samples was demonstrated in Fig. 4
as an example. The main difference in the spectral bands of
ρ(λ) and the extremum position are caused by the difference in
Fig. 4 Spectral dependencies of the polarization difference ρ(λ) for SnS2
films deposited at Ts = 175 °С: a non-radiative range at θ = 43.5, 45, 47,
55, 60 degree. (Lines are guides for the eyes); b radiative range at θ = 20,
30, 35, 40, 41, 42 degree. (Lines are guides for the eyes); c dispersion
characteristics ω(k) of surface plasmons of localized (triangles) and
polariton (circles) nature
Fig. 5 Angular dependencies of the polarization difference ρ(θ) for SnS2
films with different substrate temperature Ts = 175 , 250 , 275 °С at
λ = 600 nm. (Lines are guides for the eyes)
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morphology surface due to different Ts. Increase Ts up to 250
○С leads to formation a homogeneous background layer with
a crystalline structure consisting of platelet-like grains on it.
The increasing magnitude of SPR amplitude, blue-shift of
extrema for appropriate LSP and SPP resonances
(λLSP = 470 nm, λSPP = 580 nm), and reduction of FWHM
values in spectral characteristics of ρ(λ) correspond to en-
hancement of the main parameters of resonances for samples
deposited at Ts = 250
○С in comparison with those for the
samples deposited at Ts = 175
○С. This enhancement of SPP
resonant parameters can be caused by the presence of some
structural homogeneity and platelet-like shape of grains. It is
necessary to note that SnS2 films at Ts = 250
○С are Sn-rich
and have the highest amount of the SnS and Sn2S3 secondary
phases, which confirmed by Raman spectroscopy results.
Similar results was demonstrated in the work of Robles et al.
[40] that also confirmed the presence mixture of secondary
phases in thin films at this substrate temperature. Further in-
creasing of Ts up to 275
○С leads to red-shift of extrema of
SPR in the spectral characteristics of ρ(λ), in particular
λLSP = 587 nm and λSPP = 715 nm for LSP and SPP reso-
nances, respectively. One more extremum occurs in a short-
wavelength range at λLSP = 507 nm with positive values of
ρ(λ). This is caused by greater resonant interactions between
the film and p-polarization light in contrast to the LSP excita-
tions at λLSP = 587 nm, when the s-polarization light is pre-
dominant. Such features of ρ(λ) curve are typical for films
with strong inhomogeneity of morphology surface and grainy
structure. This is in agreement with the FE-SEM studies of
SnS2 films (Fig. 1) showing increasing of the crystallinity
structure and the grain size with substrate temperature.
In Fig. 6b the relation between amplitudes and FWHM of
the corresponding LSP and SPP resonances allows determin-
ing the influence of Ts on surface morphology of SnS2 films.
The plasmonic effects (the maximum of amplitude, the mini-
mum of FWHM) are pronounced for the films deposited at
Ts = 275
○С, which are characterized by a stable phase system.
In spite of the fact that the appropriate SPR parameters are
reduced for the samples deposited at Ts = 250
○С, which are
caused by the higher amount of the secondary phases.
Moreover, Fig. 6a shows theoretically calculated spectra of
ρ(λ) along with experimental data for all samples of SnS2
films. The modeling was performed by means of fitting pro-
cedure based on the Fresnel formulas of the calculated curves
of ρ(λ) to the experimental ones [23]. Optical constants for
quartz prism were taken from Malitson work [41]. The agree-
ment between estimated spectra of ρ(λ) with experimental
data was performed for the following refractive n and absorp-
tion k indexes, which are presented in Fig. 6c. The character of
obtained optical parameters for SnS2 films at Ts = 175
○С has
been in trend of literature data in the work [40, 42]. For this
sample, the packing density of the crystalline grains is deter-
mined by the values of appropriate refractive index n and,
hence, depends on the grain size and their alignment. One
can see the difference in appropriate characteristics of optical
parameters for the samples obtained at Ts = 250
○С and 275
○С. Similar results of optical parameters in the thin structure of
tin sulfide films were demonstrated in [40, 43]. For wave-
lengths range below 600 nm, the reduction in refractive index
is caused by high absorbance of these films [44]. The absorp-
tion coefficient of the film increases with substrate tempera-
ture, which can be attributed to better grain compaction, an
increase in their dimensions and quantity at 275 °C. Increasing
the temperature of the substrate promotes the light absorption
in the thinner layer. This effect is due to phase transition in
SnS2 films confirmed by Raman analysis. However, in the
wavelength range above 900 nm the refractive index is
Fig. 6 a Spectral dependencies of the polarization difference ρ(λ) at
θ = 47°: theory (lines) and experiment (marks). Lines are guides for the
eyes; b dependencies of amplitude (closed marks) and FWHM (half-
opened marks) of LSP (squares) and SPP (circles) resonances on
substrate temperature Ts; c spectral dependencies of optical parameters
for SnS2 films with different substrate temperature Ts = 175, 250, 275
○С.
(Lines are guides for the eyes)
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increased with increasing of Ts, which is caused by structure
features and increasing of grains size. When the incident light
interacts with nanostructured materials, the refractive index
will increase [45]. As for the absorption coefficient for the
samples at Ts = 275
○С, the maximum around 400 nm is
observed. Such behavior of spectral characteristics of absorp-
tion index is correlated with results in the works [40, 46]. Τhe
values of n and k are changed around 600 nm due to the
presence of SnS and Sn2S3 phases [47], which are also corre-
lated with obtained results of the Raman spectroscopy and in
the work [40]. All these facts indicate that varying of the
substrate temperature has a strong effect on chemical and
phase composition of tin disulfide films and also on their
optical parameters.
Conclusions
It was established that nanostructured SnS2 films of 50 nm
thick obtained by the CSS method are polycrystalline. With
increasing of substrate temperature the crystal quality of SnS2
films is increased. The samples deposited at substrate temper-
atures of 250 and 275 °С consist of platelet-like grains with
the average grain size of about 150 nm. The XRD analysis
shows that thin films are single-phase 2H-SnS2. While the
Raman spectroscopy reveals Sn2S3 and SnS phases along with
dominant 2H-SnS2 phase.
The plasmonic resonant effects in nanostructured SnS2
films were detected by the MPS technique. There are two
types of SPR: the localized surface plasmon resonance on
grains and surface inhomogeneities in the range of
λLSP = 470–587 nm and the surface plasmon-polariton reso-
nance on continuous structure within the range of λSPP = 580–
715 nm. The dispersion relations for radiative and non-
radiative modes of surface plasmons for SnS2 films with
Ts = 175°С were demonstrated. The dependency of
resonant-optical parameters of SPR and morphology surface
of the films on different substrate temperature Ts was studied.
It was found that the higher substrate temperature Ts = 275°С
corresponds to better expressed and enhanced of resonant pa-
rameters of SPR at stable phase of the samples. It was dem-
onstrated that the features of refractive and absorption indexes
are associated with formation of crystalline structure, growing
in size of grains and phase change system.
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